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Abstract: Electrospun hybrid nanofibers prepared using combinations of natural and synthetic
polymers have been widely investigated in cardiovascular tissue engineering. In this study,
electrospun gelatin/polycaprolactone (PCL) and collagen/poly(l-lactic acid-co-g-caprolactone)
(PLCL) scaffolds were successfully produced. Scanning electron micrographs showed that fibers
of both membranes were smooth and homogeneous. Water contact angle measurements further
demonstrated that both scaffolds were hydrophilic. To determine cell attachment and migration
on the scaffolds, both hybrid scaffolds were seeded with human umbilical arterial smooth muscle
cells. Scanning electron micrographs and MTT assays showed that the cells grew and prolifer-
ated well on both hybrid scaffolds. Gross observation of the transplanted scaffolds revealed
that the engineered collagen/PLCL scaffolds were smoother and brighter than the gelatin/PCL
scaffolds. Hematoxylin and eosin staining showed that the engineered blood vessels constructed
by collagen/PLCL electrospun membranes formed relatively homogenous vessel-like tissues.
Interestingly, Young’s modulus for the engineered collagen/PLCL scaffolds was greater than
for the gelatin/PCL scaffolds. Together, these results indicate that nanofibrous collagen/PLCL
membranes with favorable mechanical and biological properties may be a desirable scaffold
for vascular tissue engineering.

Keywords: electrospinning, gelatin, collagen, polycaprolactone, poly(l-lactic acid-co-e-
caprolactone)

Introduction

Recently, synthetic vascular grafts made from expanded polytetrafluoroethylene or
polyethylene terephthalate (Dacron®) have been successfully used to replace large
diameter blood vessel (=6 mm) implants in clinical studies.! However, taking the
risks of thrombosis, calcification, and restenosis into consideration, they are unsuitable
replacements for small diameter blood vessels (<6 mm).? In addition, the synthetic
materials used in clinical replacement procedures have been found to lack growth
potential, which is critical for children, and often require a second surgery to replace
the implants.> Autologous or allogeneic transplantation is widely used to reconstruct
small diameter blood vessels at present.** Unfortunately, due to lack of donors and
potential immunogenicity issues, this strategy often cannot meet the requirements for
clinical studies. Therefore, use of biodegradable materials for vascular reconstructions
could provide significant benefits over other known techniques. Acceptable mechani-
cal properties are vital considerations, since the implant will undergo continuous blood
flow and vessel movement in vivo.*® Furthermore, an appropriate biodegradation
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profile will be required for native tissue growth and bio-
compatibility for the effective regeneration of functional
tissue.

Among the currently known fabrication techniques,
electrospinning has been shown to be an effective approach
to produce nanofibrous scaffolds. It provides a biomimetic
cellular environment that resembles the extracellular matrix
of native tissues. Data indicate that electrospinning facilitates
cell growth, allows for efficient exchange of nutrients and
metabolic wastes between scaffolds and their environment,
and provides a large surface area for the delivery of bio-
chemical signals to the seeded cells.’!! To date, a variety of
natural and synthetic electrospun polymers have been used
extensively to prepare vascular scaffolds.!>!

Natural polymers have often been used to prepare vas-
cular scaffolds based on their biocompatibility profiles. For
example, collagen and elastin (the primary structural com-
ponents of the extracellular matrix in vascular tissues) have
been electrospun into fibrous scaffolds for vascular grafting
applications.!>'® These electrospun protein scaffolds have
been shown to successfully promote cell adhesion, migration,
and proliferation. However, scaffolds prepared from natural
components alone fail to achieve the desired mechanical
characteristics, being unable to retain their structural integ-
rity and swelling in aqueous environments.'*'” On the other
hand, synthetic electrospun scaffolds containing materials
such as polycaprolactone (PCL), poly(L-lactide-co-¢-
caprolactone) (PLCL), and poly(L-lactide-co-glycolide) have
been shown to have good mechanical strength and tunable
biodegradability.!>!81°

Interestingly, more promising results have been achieved
by combining natural and synthetic polymers. Previous reports
indicate that an electrospun scaffold containing both PCL
and collagen had excellent tensile strength (4.0+0.4 MPa)
and burst pressure (4,912+155 mmHg), comparable with
native vessels.”?

In the current study, we generated electrospun hybrid
membranes containing synthetic and natural materials, ie,
gelatin/PCL and collagen/PLCL. These membranes were
then characterized by scanning electron microscopy (SEM),
fiber diameter distribution, water contact angle measure-
ments, and mechanical analysis. We further examined the

Table | Parameters used for electrospinning fibrous membrane

biocompatibility of these scaffolds using human umbilical
arterial smooth muscle cells (HUSMCs) by evaluating their
morphology, viability, and proliferation. Finally, we con-
structed a vascular scaffold with an inner diameter of 4 mm
and implanted it subcutaneously into nude mice for a 6-week
in vivo analysis.

Materials and methods
Fabrication of gelatin/PCL

and collagen/PLCL scaffolds

Composite fibers of gelatin/PCL (50:50) were fabri-
cated as described previously.?! Briefly, gelatin type A
(300 Bloom from porcine skin in powder form, Sigma-
Aldrich, St Louis, MO, USA) and PCL (molecular weight
80,000, Sigma-Aldrich) were dissolved separately in
2,2,2-trifluoroethanol (TFE, purity =99.0%, Sigma-
Aldrich) at a concentration of 10% (w/v) with sufficient
stirring at room temperature for 24 hours. Before electro-
spinning, the two solutions were mixed in 50:50 volume
ratios. To prepare the transparent gelatin/PCL/TFE solu-
tion, a small amount of acetic acid (0.2% with respect
to TFE) was dropped into the above prepared solutions.
Composite fibers of collagen/PLCL (50:50) were fabricated
as described previously.'” Briefly, type I collagen (Sichuan
Mingrang Biotechnology Co, Sichuan, People’s Republic
of China) and PLCL (Nara Medical University, Kashihara,
Japan), which has a composition of 50 wt% L-lactide and
50 wt% e-caprolactone monomers, were dissolved sepa-
rately in hexafluoroisopropanol (purity =99.0%, Sigma-
Aldrich) at a concentration of 8 wt% and stirred vigorously
at room temperature for 24 hours. Before electrospinning,
the two solutions were mixed in 50:50 volume ratios. The
two groups of solution were fed into a 10 mL plastic syringe
and electrospun using the parameters defined in Table 1.
A KDS100 syringe pump (KD Scientific, Holliston, MA,
USA) and a high voltage power supply (TXR1020N30-30,
Teslaman, Dalian, People’s Republic of China) were used
to control the solution dispensing rate and applied volt-
age, respectively. The prepared collagen/PLCL fibrous
membranes were dried in a vacuum oven for 1 week at
room temperature to remove residual solvent before sub-
sequent use.

Sample Solvent Concentration Applied Feed rate Collecting Temperature Humidity
voltage (kV) (mL/h) distance (cm)

GT/PCL (50:50) TFE 10 wives 10 2 13 20°C-25°C 40%—60%

Collagen/PLCL (50:50) HFIP 8 wivde 5 | 13 20°C-25°C 40%—60%

Abbreviations: PCL, polycaprolactone; PLCL, poly(l-lactic acid-co-g-caprolactone); TFE, 2,2,2-trifluoroethanol; GT, gelatin; HFIP, hexafluoroisopropanol.
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Characterization of scaffolds

The morphology of the electrospun gelatin/PCL and collagen/
PLCL fibers was observed by SEM (JSM-5600LV, JEOL Ltd,
Tokyo, Japan) operated at an acceleration voltage of 8—10 kV.
Before observation, the scaffolds were coated with gold for
50 seconds to increase conductivity. Fiber diameters were
measured using ImageJ 1.40G software (National Institutes
of Health, Bethesda, MD, USA). At least 100 nanofibers from
each sample were analyzed in different SEM images.

The hydrophilicity of the electrospun gelatin/PCL and
collagen/PLCL fibrous membranes was determined using
water contact angle measurements in order to give an
indication of the wetting ability of the scaffold. The contact
angle was measured using a video contact angle instrument
(Attension Theta, Espoo, Finland). Droplets of 0.5 uL were
dispensed onto the scaffold and the contact angle was deter-
mined automatically.

The mechanical properties of the electrospun fibrous
membranes were determined using a tabletop uniaxial
material testing machine (Instron-3343, Instron, Norwood,
USA) equipped with a 50 N load cell. Rectangular-shaped
specimens (30 mm x10 mm x0.10-0.20 mm) were stretched
at a constant cross-head speed of 10 mm per minute. Five
samples in each group were tested. For each specimen,
the greatest slope in the linear region of the stress-strain curve
corresponding to strain of 0%—20% was used to calculate the
Young’s modulus.

Cell isolation and culture

Cell isolation, culture, and identification were initiated after
the study had been approved by the ethics committee at
Shanghai Children’s Medical Center and informed consent
had been obtained for all tissues subsequently used. HUSMCs
were isolated from a healthy newborn umbilical cord and
identified according to methods described elsewhere.?? The
cells were then cultured in Dulbecco’s Modified Eagle’s
Medium (HyClone, Logan, UT, USA) with 10% fetal
bovine serum (Hyclone) and 1% penicillin-streptomycin
(Gibco, Grand Island, NY, USA). The medium was changed
every 3 days.

Immunofluorescence staining

Immunofluorescence staining was carried out using standard
procedures as described previously.?> Rabbit polyclonal to
alpha smooth muscle actin and rabbit polyclonal to smooth
muscle myosin heavy chain 2 were purchased from Abcam
(ab5694, ab53219; Cambridge, UK). Anti-rabbit IgG (H+L)
was purchased from Invitrogen (HH-A21207; Carlsbad, CA,
USA). We did not add the primary antibody and only added

the second antibody in the control group. Cells were observed
using an IX50 fluorescence microscope (Olympus, Tokyo,
Japan) after staining.

SEM observation

Cells were seeded onto the gelatin/PCL and collagen/
PLCL fiber scaffolds in 24-well plates at a seeding density
of 2x10* cells/well. One day after seeding, cell morphol-
ogy was visualized using SEM. Specimens were fixed in
0.25% glutaraldehyde for 30 minutes, rinsed three times
in phosphate-buffered saline, then dehydrated in graded
concentrations of ethanol at 30%, 50%, 70%, 80%, 90%,
and 100% for 10 minutes each. Finally, they were air-dried
in a fume hood overnight. After drying, the specimens were
coated with gold sputter and observed by SEM (6380LYV,
JEOL Ltd) at an accelerating voltage of 8—10 kV.

Cell proliferation assay

To study cell viability and proliferation on the different
substrates, HUSMCs were also seeded onto the scaffolds in
24-well plates at a density of 2x10* cells/well and quantified
using a Cell Counting Kit-8 (CCK-8, Dojindo Molecular
Technologies Inc, Rockville, MD, USA). At desired time
points, the cell-seeded scaffolds were incubated in 10%
CCK-8 at 37°C for 2 hours in 5% CO,. The absorbance of
each well was measured at 450 nm using a microplate reader
(Multiskan MK3, Thermo Electron Corporation, MA, USA).
At least six samples were measured at each time point.

Engineering of cell-scaffold constructs

The membranes were cut into rectangles (2 cm X7.5 cm)
with an average thickness of 20 um, lyophilized in a Virtis
Benchtop 6.6 vacuum freeze-dryer (SP Industries, Gardiner,
NY, USA) for 24 hours, sterilized for 30 minutes under
ultraviolet radiation, and then placed in the bottom of 10 cm
culture dishes seeded with 100 uL of cell suspension at
1x10® cells/mL. To ensure proper adhesion between cells and
the materials, the constructs were kept in the incubator with-
out culture medium (Dulbecco’s Modified Eagle’s Medium
with 10% of fetal calf serum) for 30 minutes. A sterilized tube
(length 3 cm, diameter 4 mm) was placed on the material and
the cell-membrane complexes were rolled around the tube.
Culture medium (10 mL) was added to the dish along the wall
and the cell-scaffold complexes were placed in the incubator
for 1 week. The medium was changed every 3 days.

Gross observation
The cell-scaffold constructs were then implanted into nude
mice (obtained from the Shanghai Laboratory Animal
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Center, Chinese Academy of Sciences, People’s Republic of
China) which were anesthetized using 2.5% chloral hydrate.
The skin of the dorsum was cut at approximately 2 cm by
dissecting one side of the subcutaneous fascia, and the cell-
scaffold constructs were implanted subcutaneously. Six weeks
after implantation, the mice were euthanized and the cell-
scaffold constructs were dissected for further investigation.
Each construct was observed grossly for shape, color, and size,
and palpated with forceps to assess mechanical strength.

Histological findings

Following gross examination, samples were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned
into 5 um sections. The sections were prepared for histo-
logical analysis by staining with hematoxylin and eosin and
Masson’s trichrome. Newborn pig aortic blood vessels were
used for normalization.

Biomechanical analysis

The mechanical properties of the electrospun fibrous scaffolds
in the wet state were measured using a biomechanical testing
machine (Instron-3343; Norwood) as previously described in
the literature.?” Samples were tailored to rectangular-shaped
specimens (30 mm x10 mm X1—-1.5 mm), and stretched at a
constant cross-head speed of 5 mm per minute with a 50 N
load cell. For testing samples in the wet state, the fibrous
membranes were sterilized and soaked in phosphate-buffered
saline for 12 hours. Five samples in each group were tested.
The mechanical properties of the cell-scaffold constructs
were determined using the same method. Samples were
tailored to rectangular-shaped specimens (10 mm X5 mm

2010-11-22

TM-1000_6276

Figure | SEM of electrospun nanofiber membranes.

2012:02-27

x1-1.5 mm) and immersed in phosphate-buffered saline for
12 hours at room temperature before the test. For each speci-
men, the greatest slope in the linear region of the stress-strain
curve corresponding to strain between 0% and 20% was used
to calculate the tensile modulus.

Statistical analysis

All data presented are expressed as the mean + standard
deviation. The statistical analysis was carried out using
single-factor analysis of variance. A value of P<<0.05 was
considered to be statistically significant.

Results

Morphology of the nanofibrous scaffold
Composite gelatin/PCL scaffolds with a mass ratio of 50:50
were prepared using the electrospun method described above.
As can be seen in Figure 1A—C, the nanofibers appear uni-
form and smooth with a mean diameter of 386.9+102.5 nm
(Imagel). The electrospun collagen/PLCL fibrous membranes
with a mass ratio of 50:50 also appeared smooth and uniform,
as can be seen in Figure 1D-F. The fiber diameter was esti-
mated to be smaller than that of the gelatin/PCL at 301.8+97.3
nm. Together, these results indicate that the blended gelatin/
PCL and collagen/PLCL fibers were successfully engineered
without beads.

Water contact angle measurements

Surface wettability is an important property of biomaterials
and can affect the attachment, proliferation, migration, and
viability of cells.** The water contact angle can be used to
evaluate wettability. Most synthetic polymers, including PCL

(g)
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o

o
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Notes: Gelatin/PCL (A 1000x, B 5000x), collagen/PLCL (D 1000x, E 5000x), and diameter distributions of gelatin/PCL (C), collagen/PLCL (F) membranes.
Abbreviations: PCL, polycaprolactone; PLCL, poly(l-lactic acid-co-g-caprolactone); SEM, scanning electron microscope.
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and PLCL, are hydrophobic, whereas collagen and gelatin
(aproduct of partially hydrolyzed collagen) are hydrophilic. In
order to form hydrophilic nanofibers, an appealing approach
has been to process naturally derived polymers into synthetic
polymers. After the gelatin or collagen was combined with
PCL or PLCL to form hybrid nanofibers, we observed that
the water drop was immediately absorbed into the fibrous
networks, resulting in a zero contact angle at 10 seconds,
which indicated that the gelatin/PCL and collagen/PLCL
electrospun membranes were in fact hydrophilic and could
be used successfully for cell seeding (Figure 2).

Identification and characterization
of HUSMCs

Immunofluorescence staining of alpha smooth muscle actin
and smooth muscle myosin heavy chain 2 was used to identify
the HUSMC:s. As can be seen in Figure 3, both proteins were
expressed in HUSMC:s at cell passage 3. Cells from passages
3-5 were used for the following experiments.

Proliferation and morphology
of HUSMC:s on the scaffolds

Cell adhesion and proliferation are critical parameters when
evaluating whether a scaffold is biocompatible and suitable
for tissue regeneration. SEM was used to observe cell mor-
phology and the contacts between the cells and scaffolds. As
shown in Figure 4A and B, HUSMCs were strongly adhered
and well spread on both scaffolds after 1 day of cell seeding.
Cells exhibited a bipolar spindle shape, indicating a contrac-
tile phenotype. A CCK-8 test was carried out to observe the
growth and proliferation of HUSMCs on different scaffolds
and the tissue culture plate. HUSMCs proliferated well and
the number of HUSMC:s increased with culture time on all the
three substrates, indicating that the scaffolds were nontoxic.
Significantly more cells were observed on the tissue culture

0 sec

57.715.6°
Gelatin/PCL

46.615.8°
Collagen/PLCL

19.1+3.2°

24.814.6°

plate than on the gelatin/PCL or collagen/PLCL scaffolds.
However, there was no statistically significant difference in
cell numbers between the gelatin/PCL and collagen/PLCL
scaffolds (Figure 4C). On the first day following seeding,
significantly more cells were found on the tissue culture
plate than on the collagen/PLCL scaffolds, and the gelatin/
PCL substrate had significantly less adherent cells than the
other two substrates (Figure 4D, P<<0.05). Together, these
results indicate that the gelatin/PCL and collagen/PLCL
scaffolds had good biocompatibility with HUSMCs, further
suggesting their promising potential for regeneration of
cardiovascular tissue.

Gross observation

The electrospun gelatin/PCL and collagen/PLCL membranes
were first tailored into rectangles (2 cm X7.5 cm) with an
average thickness of 20 um (Figure 5A) and then sterilized
and placed in the bottom of 10 cm culture dishes seeded with
100 uL of cell suspension at 1x10% cells/mL (Figure 5B).
The complexes were placed in the incubator for 30 minutes
without culture medium and then rolled up with a catheter
(Figure 5C). The cell-scaffold construct maintained its origi-
nal shape after 1 week of culture in vitro. As expected, few
adherent cells were observed on the bottom of the culture
dish after 24 hours (data not shown), indicating that the
majority of cells were contained within the constructs. After
1 week of in vitro culture, the cell-scaffold constructs were
implanted subcutaneously in nude mice for another 6 weeks
(Figure SE). As shown in Figure SE-L, the constructs were
very hard to dissect from the surrounding soft connective
tissue and covered with many small blood vessels. However,
there was no evidence of superficial inflammatory reactions,
and all of the constructs maintained their original shape
and tubular appearance. The collagen/PLCL membranes
(Figure 5F and J-L) appeared smooth and glossy with good

5 sec 10 sec

0.0+0.0°

0.0+0.0°

Figure 2 Water contact angles of gelatin/PCL and collagen/PLCL electrospun fibrous membranes.

Abbreviations: PCL, polycaprolactone; PLCL, poly(l-lactic acid-co-g-caprolactone).
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Figure 3 Immunofluorescence staining of human umbilical arterial smooth muscle cells (HUSMCs).

Notes: (A) Control; (B) immunofluorescence staining of HUSMCs for alpha smooth muscle actin (SMA); (C) immunofluorescence staining of HUSMCs for smooth muscle
myosin heavy chain 2 (SMMHC).

Abbreviation: DAPI, 4’,6-diamidino-2-phenylindole.
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Figure 4 Adherence and proliferation of HUSMCs on various materials.

Notes: SEM images of HUSMCs grown on gelatin/PCL (A) and collagen/PLCL (B) electrospun fibrous membranes for | day. Cell proliferation (C) and adhesion rate (D)
on various materials measured by a CCK-8 kit.

Abbreviations: PCL, polycaprolactone; PLCL, poly(l-lactic acid-co-g-caprolactone); SEM, scanning electron microscope; HUSMC, human umbilical arterial smooth muscle
cell; CCK-8, Cell Counting Kit-8; TCP, tissue culture plate; OD, optical density.
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Figure 5 Gross view of cell scaffold constructs.

Notes: (A) Tailored electrospun fibrous membranes. (B) Gross view of cell-scaffold constructs. (C) Cell-scaffold constructs rolled up with a catheter. (D) Subcutaneous
implantation in nude mice. (E and G-1) Cell scaffold constructs after 6 weeks in vivo incubation with gelatin/PCL. (F and J-L) Cell scaffold constructs after 6 weeks in vivo

incubation with collagen/PLCL.

Abbreviations: PCL, polycaprolactone; PLCL, poly(l-lactic acid-co-e-caprolactone).

elasticity, while the gelatin/PCL membranes (Figure SE and
G-I) were relatively soft and easily collapsed when the inner
catheter was removed, indicating inferior tissue formation.

Histological analysis

The results of histological imaging (Figure 6) were consistent
with the gross morphological analysis. The engineered blood
vessels constructed by collagen/PLCL electrospun mem-
branes formed relatively homogenous vessel-like tissues
with bands of collagen fibers (Figure 6B, E, H, K, and N).
A lot of microvessels formed in the engineered blood vessels,
and red blood cells could be seen in these microvessels
(Figure 6H and N). Hematoxylin and eosin staining showed
that the cells had a spindle-shaped morphology, formed a
linear distribution along the circumference of the engineered
blood vessels, and almost no nondegraded scaffolds were
observed. However, the samples constructed by gelatin/PCL
electrospun membranes (Figure 6A, D, G, J, and K) showed
an obviously heterogeneous structure with relatively fewer
collagen fibers, and only a small amount of microvascular

structures have formed along the walls of the blood vessels
(Figure 6G and M). In addition, there were abundant non-
degraded scaffolds observed and the remaining scaffolds
showed an irregular zonal distribution, indicating that the
gelatin/PCL electrospun membranes was unfavorable for
vessel-like tissue formation and matrix production.

Mechanical properties of the scaffolds

Desirable mechanical properties for the scaffolds are
especially important because of the forces they would
endure in vivo after implantation. Young’s modulus was
determined to be 1.49+0.06 MPa and 1.77+0.09 MPa for
the gelatin/PCL and collagen/PLCL membranes, respec-
tively (Figure 7). These values are notably higher than the
1 MPa reported for the porcine coronary artery.” Six weeks
following implantation, the value for the gelatin/PCL
membranes decreased to 0.7520.15 MPa, suggesting rapid
degradation of the gelatin and lack of tissue formation
(Figure 7). Young’s modulus for the collagen/PLCL scaf-
folds, however, increased 6 weeks post implantation to
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Gelatin/PCL

H&E

Masson

Collagen/PLCL

Aortic blood vessel

Figure 6 Histological images of cell scaffold constructs with H&E and Masson’s trichrome staining at 6 weeks in vivo.
Notes: Panels A, D, G, ] and M appear more heterogeneous with a large number of non-degraded scaffolds and less collagen fibers. Panels B, E, H, K and N show relatively
homogenous vessel-like tissue structures with bands of collagen fibers formed. A newborn pig aortic blood vessel was used as a positive control (C, F, I, L and O). Scale

bars: 100 um.

Abbreviations: H&E, hematoxylin and eosin; PCL, polycaprolactone; PLCL, poly(l-lactic acid-co-g-caprolactone).

Young’s modulus (MPa)
S

3 B
2 B
1 -4. I
. ]
GT/PCL GT/PCL Collagen/PLCL Collagen/PLCL
in vivo in vivo
6 weeks 6 weeks

Figure 7 Young’s modulus of electrospun nanofiber membranes and cell scaffold
constructs in vitro and in vivo.

Note: Bars represent mean + standard deviation (n=6).

Abbreviations: PCL, polycaprolactone; PLCL, poly(l-lactic acid-co-g-caprolactone);
GT, gelatin.

5.99+0.80 MPa, likely because of enhanced vessel-like
tissue formation (Figure 7).

Discussion
Scaffolds play an important role in directing three-dimen-
sional tissue regeneration.?*? Electrospinning using natural
proteins or synthetic polymers is an effective method for fab-
ricating scaffolds that mimic the nanostructures of the natural
extracellular matrix. Electrospun gelatin/PCL and collagen/
PLCL membranes have been widely used in various tissue
engineering studies because of their hydrophilicity, excellent
mechanical properties, and biocompatibility.’*® However,
it is still unknown which material is most appropriate for
vascular tissue regeneration.

In this study, gelatin/PCL and collagen/PLCL hybrid
scaffolds were successfully prepared using electrospinning
techniques. Gelatin and collagen are natural hydrophilic
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biopolymers that have been shown to enhance the wettability
of membranes. PCL and PLCL are synthetic polymers that
provide good mechanical strength. Both of the hybrid scaffold
materials used in this study were shown to be hydrophilic
and to possess excellent mechanical properties, likely due
to the combined merits of natural and synthetic polymers.
Interestingly, no obvious differences were observed between
the groups with regard to cell attachment or proliferation.
SEM and CCK-8 showed good biocompatibility in both
groups. The electropsun nanofibers generated in this study
successfully mimicked the properties of extracellular matrix
tissues previously shown to facilitate cell adhesion and
proliferation. However, in vivo vascular tissue regenera-
tion experiments showed inconsistent results. For example,
despite sufficient biocompatibility, the regenerated vascular
tissue showed differing appearances and structures in the two
groups. At 6 weeks post implantation in vivo, the collagen/
PLCL electrospun scaffolds appeared smooth and glossy
with good elasticity, while the gelatin/PCL electrospun
scaffolds were relatively soft and easily collapsible based
on gross histology. The scaffolds constructed by collagen/
PLCL electrospun membranes formed relatively homogenous
vessel-like tissues with bands of collagen fibers. The scaf-
folds constructed from gelatin/PCL membranes appeared
more heterogeneous with a large number of nondegraded
scaffolds and relatively less collagen fiber formation. These
data suggest that collagen/PLCL electrospun membranes may
be preferable for vascular tissue regeneration.

Material degradation speed is an important factor to con-
sider in tissue engineering.’'** Degradation of the scaffold
should not be so rapid that cells do not have enough time to
proliferate and secrete the new matrix. However, if scaffold
degradation is much slower than tissue regeneration, the
nondegraded scaffold will hamper deposition of extracellular
matrix and thus influence the homogeneity and biological
function of the regenerated tissue.>* With regard to selection
of materials, pure gelatin or collagen has been shown to be
unsuitable for vascular tissue regeneration based on factors
related to structural integrity.'>!” Previous reports indicate
that degradation of PCL is slower than that of PLCL.*>3%
Our results showed abundant nondegraded scaffolds in the
gelatin/PCL group 6 weeks post implantation in addition
to the presence of heterogeneous structures and relatively
less collagen fiber formation. These data suggest that the
delayed degradation of the scaffold significantly hampered
the regeneration of vascular tissue and that the PCL scaffold
might be unfavorable for formation of vascular tissue.

Post-implantation nutrition was also speculated to be
a critical determinant of the success of vascular tissue

formation.’” As described in the “Methods” section, a cath-
eter was used to support the shape of the scaffold. Following
implantation, the construct received most of its nutrients from
the surface-connected skin and not from the inner surface
of the tube. The abundant continuous nondegraded scaffold
in the gelatin/PCL group not only hindered regeneration of
vascular tissue (as mentioned above) but also further ham-
pered the exchange of nutrients and metabolic waste between
the scaffold and its environment. These factors may have
played a role in the lack of formation of vascular tissue in
the gelatin/PCL scaffolds.

Conclusion

In this study, gelatin/PCL and collagen/PLCL hybrid scaffolds
were successfully prepared using electrospun techniques. The
scaffolds showed desirable mechanical properties, wettability,
and the ability to promote cell adhesion and proliferation.
Six weeks following subcutaneous in vivo implantation into
nude mice, the scaffolds constructed using collagen/PLCL
membranes appeared to be relatively homogenous with
vessel-like tissues formed from bands of collagen fibers. The
scaffolds constructed from gelatin/PCL membranes appeared
more heterogeneous with abundant nondegraded scaffolds
and relatively less collagen fiber formation. The current study
suggests that electrospun collagen/PLCL membranes may be
preferable for regeneration of vascular tissue.
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